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Lateral position during severe 
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Hua Yang1, Minlan Yang1, Joaquim Bobi1,5, Ana Motos1,4,5,6, Laia Fernández‑Barat1,4,5,6, 
Davide Chiumello2,7, Paolo Pelosi3 & Antoni Torres1,4,5,6*
Patients with mono‑lateral pneumonia and severe respiratory failure can be positioned in lateral 
decubitus, with the healthy lung dependent, to improve ventilation‑perfusion coupling. Oxygenation 
response to this manoeuvre is heterogeneous and derecruitment of dependent lung has not been 
elucidated. Nine pigs (32.2 ± 1.2 kg) were sedated and mechanically ventilated. Mono‑lateral right‑
sided pneumonia was induced with intrabronchial challenge of Pseudomonas aeruginosa. After 24 h, 
lungs were recruited and the animals were randomly positioned on right or left side. After 3 h of lateral 
positioning, the animals were placed supine; another recruitment manoeuvre was performed, and 
the effects of contralateral decubitus were assessed. Primary outcome was lung ultrasound score 
(LUS) of the dependent lung after 3‑h lateral positioning. LUS of the left non‑infected lung worsened 
while positioned in left‑lateral position (from 1.33 ± 1.73 at baseline to 6.78 ± 4.49; p = 0.005). LUS 
of the right‑infected lung improved when placed upward (9.22 ± 2.73 to 6.67 ± 3.24; p = 0.09), but 
worsened in right‑lateral position (7.78 ± 2.86 to 13.33 ± 3.08; p < 0.001).  PaO2/FiO2 improved in the 
left‑lateral position (p = 0.005). In an animal model of right‑lung pneumonia, left‑lateral decubitus 
improved oxygenation, but collapsed the healthy lung. Right‑lateral orientation further collapsed the 
diseased lung. Our data raise potential clinical concerns for the use of lateral position in mono‑lateral 
pneumonia.
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PaO2  Arterial partial pressure of oxygen
PCV  Pressure-controlled ventilation
PEEP  Positive end-expiratory pressure
RM  Recruitment manoeuvre
RR  Respiratory rate
VA/Q  Ventilation-perfusion ratio
VILI  Ventilation-induced lung injury
VT  Tidal volume
Pneumonia is one of the most frequent causes of intensive-care unit (ICU) admission and  mortality1. In the 
vast majority of cases, pneumonia commonly affects a single lobe, but the infection could broaden to an entire 
lung or ultimately lead to acute respiratory distress syndrome (ARDS)2. Severe mono-lateral pneumonia is one 
of the most challenging situations, since invasive mechanical ventilation (MV) is often needed to maintain 
adequate gas exchange, while substantial imbalance in pulmonary mechanics ensues between the healthy highly 
compliant lung and the stiff diseased lung. In the most severe cases, clinicians often place the patient onto lat-
eral decubitus, with the healthy lung dependent, to improve ventilation-perfusion coupling and  oxygenation3. 
Concurrently, recruitment of the non-dependent infected lung is desirable, and redistribution of ventilation 
has been  observed4–7.
In the seminal study by Zack and  colleagues8 the role of body position on arterial blood gas was appraised 
in patients with or without mono-lateral lung diseases. In those who presented mono-lateral disease, significant 
increase in arterial partial pressure of oxygen  (PaO2) was demonstrated, while lying on the healthy side. Further 
corroboration of these findings are largely  available9–14. In particular, through multiple inert-gas elimination 
technique, it was demonstrated that the aforementioned improvement in oxygenation was due to either reduc-
tion in intrapulmonary shunt or improvement in ventilation-perfusion mismatch  (VA/Q)9. Since then, the use of 
lateral decubitus during mono-lateral lung disease has been employed to reduce the rate of tracheal  intubation11 
or ameliorate the respiratory stability. However, previous publications reported highly heterogeneous results; 
thus, benefits and safety of the lateral-positioning are still  uncertain13,14. Indeed, when the healthy lung is placed 
downwards, the weight of the contralateral lung could theoretically promote pulmonary derecruitment, further 
complicated by the imposing heart weight.
Accordingly, we hypothesised that in an animal model of mono-lateral pneumonia, lateral position could be 
associated with deleterious effects associated with the collapse of the dependent lung. We aimed at comprehen-
sively evaluate the effects of lateral position on lung aeration, through lung ultrasound, and gas exchange and 
pulmonary mechanics.
Results
All nine animals (32.2 ± 1.2 kg) completed the study protocol. Before commencement of the study, the animals 
were ventilated as follows:  VT 8.1 [7.9–8.1] ml/kg, RR 28 [24–28] breaths per minute,  FiO2 (%) 60 [55–60], PEEP 
10 [8–10] cm  H2O. Upon diagnosis of pneumonia, right-lung BAL resulted positive in 100% of the subjects, 
yielding P. aeruginosa concentration of 3.98 ± 0.18 log CFU/ml.
Primary outcome. Lung ultrasound. Figure 1 depicts the changes in lung ultrasound over time. LUS dif-
ference from baseline to 3 h (∆LUS) of the non-infected lung (left lung) worsened significantly during left-lateral 
position (+ 5.44 ± 1.07; p = 0.005), whereas it remained stable when the animal was placed in the right-lateral 
position (− 0.67 ± 1.20; p = 0.55), as summarised in Fig. 2. As for the infected right-lung, although a trend to-
wards decreasing LUS score was observed after 3 h of decubitus on the left side (− 2.55 ± 0.88; p = 0.09), ∆LUS 
significantly worsened in right-lateral position (+ 5.56 ± 0.88; p < 0.001). Further LUS data analysis are reported 
in Table S1 and Fig. S2 of the Supplementary Content. In addition, the dynamics of lung aeration throughout the 
protocol are summarised in the enclosed lung ultrasound video (Lung Ultrasound Clip.mp4). 
Secondary outcomes. Gas exchange. Table 1 displays the main clinical results. At baseline, and after 3 h, 
 PaO2/FiO2 was consistently higher when the non-infected left lung was dependent (Fig. 3, p = 0.005). Indeed, 
the mean difference between the two positions was 79.35 ± 22.39 mmHg at baseline and 85.55 ± 22.19 mmHg 
after 3 h. Only one animal showed a decrease in  PaO2/FiO2 from baseline during left-lateral position.  PaO2/FiO2 
slightly increased—although not significantly—throughout the 3 h of observation, irrespective of which posi-
tion the animals were lying on. Furthermore,  PaO2/FiO2 was associated with LUS at 3 h (p = 0.047;  r2 = 0.22), as 
illustrated in Fig. 4. In contrast, partial pressure of carbon dioxide did not vary during changes in body position.
Pulmonary mechanics and hemodynamics. A minor increase in lung elastance  (EL) was recorded during left-
lateral position (infected lung upward), while it marginally decreased in right-lateral position (Supplementary 
Fig. S3); both changes were shy of statistical significance. Indeed, as reported in Table 1, there were no signifi-
cant changes in pulmonary mechanics throughout the study. Finally, apart from a slight improvement in mean 
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Discussion
In animals with severe mono-lateral right pneumonia, we comprehensively evaluated aeration dynamics during 
change in side of lateral position. In particular, our study is the first to confirm that irrespective of improvements 
in oxygenation, loss of air content is evident when the healthy lung is positioned in gravity-unfavourable position.
During severe mono-lateral lung disease, improvement in oxygenation has consistently driven the use of 
lateral decubitus on the healthy  side8–11, irrespective of the surrounding  controversy15,16, and lack of robust evi-
dence on lung recruitment/derecruitment during lateral position. In particular, in clinical settings, lung aeration/
de-aeration is not routinely monitored, especially during lateral position. In the last decade, there has been a 
surge of interest in lung ultrasound among critical care  physicians17 due to the possibility of reliable monitor-
ing the dynamics of lung recruitment/derecruitment in response to  interventions18,19, with a few controversial 
arguments regarding potential  limitations20.
Figure 1.  Lung Ultrasound images. In the upper section, a decrease in lung aeration is observed in the non-
infected lung when dependent. In contrast, the infected lung (non-dependent) shows some re-aeration. In the 
lower section, lung ultrasound worsens further for the infected dependent lung.
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To the best of our knowledge, our experimental study is the first to demonstrate that in a model of mono-
lateral pneumonia, lateral position causes de-recruitment of the dependent lung. This was clearly corroborated by 
an increase in LUS, during the short 3-h follow-up period. Conversely, in line with previous reports, the infected 
lung benefited from being placed upward, as showed by the improvement in LUS  score6. As expected, lung 
derecruitment is driven by the force of gravity, which unfavourably wields lung and heart weight to the depend-
ent lung, potentially overcoming end-expiratory alveolar pressures. This effect could be even more pronounced 
when the left lung is dependent, due to its smaller volume vs. the right  one21. Loss of aeration in the healthy 
dependent lung might then account for the heterogeneity of response observed in clinical  studies8,12, where the 
use of lateral position on this lung is not always followed by an improvement in oxygenation. In this context, the 
application of PEEP is crucial to avoid these potential  complications18. Bsut at times it could be insufficient to 
avoid de-aeration, as also hypothesised in an experimental study on  rats22.
The influence of body position on gas distribution is well known in ARDS, where prone positioning is com-
monly indicated as a rescue therapy in severely-ill patients. In prone position, the anatomical and functional 
distribution of lung ventilation is remarkably  modified23, and as a result oxygenation, pulmonary mechanics and 
mortality  improved24. Unlike the mechanisms responsible for oxygenation improvement during prone position, 
Figure 2.  Lung Ultrasound Score modification (∆LUS) from baseline to 3 h for both positions. (A) In left-
lateral position, causing the non-infected lung to be in a dependent position, LUS of the non-infected lung 
increased significantly, while LUS of the infected lung improved of a lesser extent. *p = 0.005; (B) In right-lateral 
position, causing the infected lung to be in a dependent position, LUS of the dependent lung showed marked 
worsening, while no relevant changes were observed in LUS of the non-infected lung. †p < 0.001. ∆LUS: Delta 
Lung Ultrasound Score.
Table 1.  Main study results. Data (mean ± SD) are reported per lateral-position and time of assessment. PaO2/
FiO2, Arterial partial pressure of oxygen/Inspiratory fraction of oxygen ratio;  PaCO2, Arterial partial pressure 
of carbon dioxide; MAP, mean arterial pressure; mPAP, mean pulmonary arterial pressure; PVR, pulmonary 
vascular resistance; CO, cardiac output;  ERS, respiratory system elastance;  EL, lung elastance;  ECW, chest wall 





dependent non-infected lung p value
Baseline After 3 h Baseline After 3 h Time Lateral position
Time* lateral 
position
PaO2/FiO2 (mmHg) 287.48 ± 65.94 318.06 ± 84.76 366.83 ± 75.25 403.61 ± 61.74 0.09 0.005 0.77
PaCO2 (mmHg) 36.97 ± 2.14 37.17 ± 4.98 37.30 ± 5.68 36.37 ± 5.04 0.68 0.88 0.39
MAP (mmHg) 76.55 ± 12.01 74.66 ± 5.07 68.77 ± 4.60 79.44 ± 9.74 0.11 0.69 0.049
mPAP (mmHg) 21.00 ± 2.65 20.44 ± 2.60 19.55 ± 2.65 19.88 ± 2.98 0.82 0.18 0.09
PVR (dyne.sec.
cm-5) 286.56 ± 77.80 258.81 ± 84.79 273.43 ± 55.51 270.42 ± 63.24 0.43 0.96 0.18
CO (l/min) 2.56 ± 0.61 2.88 ± 0.83 2.52 ± 0.47 2.91 ± 0.97 0.11 0.97 0.82
Shunt (%) 29.00 ± 3.73 28.85 ± 5.32 25.84 ± 5.01 28.60 ± 5.53 0.31 0.29 0.10
ERS  (cmH2O/l) 35.69 ± 3.33 36.61 ± 3.02 36.94 ± 4.74 38.66 ± 6.13 0.18 0.20 0.43
EL  (cmH2O/l) 29.46 ± 4.53 28.88 ± 3.54 29.46 ± 3.89 31.06 ± 4.73 0.60 0.48 0.14
ECW  (cmH2O/l) 6.73 ± 1.79 8.25 ± 2.17 8.54 ± 1.65 8.71 ± 1.93 0.16 0.20 0.24
∆PL  (cmH2O) 7.56 ± 1.22 7.39 ± 0.93 7.55 ± 1.05 7.96 ± 1.28 0.62 0.48 0.14
DPAW  (cmH2O) 9.16 ± 0.94 9.39 ± 0.73 9.48 ± 1.29 9.92 ± 1.58 0.20 0.20 0.42
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in which the redistribution of ventilation leads to recruitment of the dorsal zones exceeding de-recruitment of 
the ventral  ones25, the most probable mechanism in lateral positioning is amelioration of  VA/Q mismatch and 
reduction of pulmonary shunt, caused by the redistribution of blood flow to more ventilated  areas9. Furthermore, 
as demonstrated by the lack of changes in  PaCO2, lateral position in mono-lateral pneumonia marginally affects 
physiological dead space.
Interestingly, in our study the improvement in arterial oxygenation was observed, irrespective of dependent 
lung derecruitment, in all animals but one. This could have been promoted by recruitment of the non-dependent 
sick lung, as observed during postural changes in mechanically ventilated children by Tusman and  collaborators6. 
The amelioration in blood oxygenation in our study was sustained during the three-hour period of assessment, 
but it should be also emphasised that pulmonary shunt—with the healthy lung down—showed a slight worsening 
trend of approximately 3% throughout the follow up period.
In contrast with previous  studies4,16, pulmonary mechanics did not worsen as a result of change in position. 
In particular, we found a driving pressure in the range of 9 cm  H2O suggesting low risk for ventilator-induced 
lung injury in this model of mono-lateral pneumonia. Nevertheless, pulmonary mechanics could be unspecific 
in monitoring lung injury in this model, and clinical data are needed to evaluate potential association of lateral 
position with lung injury and clinically-relevant  outcomes26. Similarly, in line with previous  data27, hemodynamic 
measurements did not differ between positions. Yet, it should be taken into account that clinical evidence has 
shown that mobilization of severely-ill patients can drastically impair hemodynamic  stability16,28, hence risks 
should be pondered upon indication.
Our in-vivo study provides some original insights that hold clinical promise. First, in clinical settings patients 
with mono-lateral pneumonia may be kept in the lateral position up to several  hours11,12,16. Theoretically, a pro-
gressive impairment of lung aeration and oedema accumulation over time could be expected, but linear decrease 
Figure 3.  PaO2/FiO2 at baseline and after 3 h.  PaO2/FiO2: arterial partial pressure of oxygen/inspiratory fraction 
of oxygen ratio.
Figure 4.  PaO2/FiO2 and LUS linear regression analysis at 3 h. Linear regression analysis between ratio of 
arterial partial pressure of oxygen and inspiratory fraction of oxygen  (PaO2/FiO2) and lung ultrasound score 
(LUS) yielded a statistically significant correlation (p = 0.047;  r2 = 0.22). Dotted lines show the 95% confidence 
interval of the best-fit line.
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in loss of aeration could not be entirely inferred by our findings and should be corroborated in future experiments 
also taking into account various ventilatory settings. Our findings call for translational clinical studies that could 
further address these key aspects and potentially identify valuable markers to be monitored in order to guide 
safe duration for lateral position. Second, although we did not focus on displacement of biofluids in our settings, 
which was previously studied in small  animals22, during prolonged lateral positioning infected biofluids seepage 
into the dependent lung could further compromise lung function and future comprehensive clinical research 
needs to address these incompletely characterised pathophysiologic mechanisms.
A few limitations of our study should be discussed. First, we used a model of right-lung pneumonia, hence 
our findings should be carefully extrapolated to left-lateral pneumonia. Nevertheless, our observations are in 
lines with previous reports in patients with left or right diseased  lungs8–12. Second, we only monitored lung 
derecruitment for 3 h. Lastly, although we conducted inclusive sample size analysis, our population was rather 
limited in size.
Methods
The study was conducted at the Division of Animal Experimentation, Department of Pulmonary and Critical 
Care Medicine, Hospital Clínic (Barcelona, Spain) in accordance with the European 2010/63/UE and Spanish RD 
53/2013 regulations related to the Guide for the Care and Use of Laboratory  Animals29. The study was approved 
by the Animal Experimentation Ethics Committee of the University of Barcelona (571/16) on 30 November 2016.
We designed a prospective cross-over randomised experimental study, primarily aimed at evaluating lung 
aeration dynamics, specifically in the healthy lung, in mechanically-ventilated pigs, with severe mono-lateral 
pneumonia. Secondary endpoints were variations in gas exchange, pulmonary mechanics and hemodynamic 
parameters.
Model of mono‑lateral right pneumonia. This study was carried out in nine Large White—Landrace 
female pigs (Specipig, Barcelona, Spain). Each animal was challenged immediately following preparation and 
stabilization. Fifteen ml of  107 colony-forming unit (CFU)/ml of a log-phase culture of clinical Pseudomonas 
aeruginosa strain was instilled, through bronchoscopy, into the right upper, middle and lower  lobe30. Upon 
instillation, and 20 h thereafter, the animals were kept in lateral-right decubitus to develop right-lung pneumo-
nia. After 24 h of MV, diagnosis of pneumonia was confirmed based on clinical and laboratory data (Supplemen-
tary Content, “Methods”). Moreover, bronchoalveolar lavage (BAL) was performed to confirm the diagnosis of 
mono-lateral pneumonia.
Study protocol. Figure 5 displays the study protocol. Also, a thorough description of animal preparation, 
instrumentation and monitoring can be found in the Supplementary Content (“Methods”). Of note, tidal vol-
ume  (VT), positive end-expiratory pressure (PEEP), respiratory rate (RR), and inspiratory fraction of oxygen 
 (FiO2) were kept constant throughout the study. The animal was first placed in supine position and a recruitment 
manoeuvre (RM) was performed as detailed in the Supplementary Content (“Methods”). At the end of RM, the 
previous ventilator settings were restored. Baseline lung ultrasound (LUS) was performed (T0), then the animal 
was randomly placed onto the first lateral side (Supplementary Content, Randomization List). After 15-min 
of stabilization in lateral position, baseline hemodynamic parameters, gas exchange, and lung mechanics were 
measured. After 3 h, the aforementioned assessments were repeated (T1). Then, the animal was placed supine 
and LUS at T1 was performed. After LUS monitoring, RM was repeated and then another LUS evaluation was 
completed (T2). The animal was then positioned on the contralateral side, and aforementioned assessments were 
performed at baseline (T2) and after 3 h (T3). Lastly, the animal was placed again in supine position and LUS 
T3 was recorded.
Lung ultrasound. Lung ultrasound was performed by trained intensive care physicians with more than 
5-year experience in lung ultrasound imaging. A linear probe (MicroMaxx L25e/13–6 MHz, Sonosite Inc., Both-
ell, WA, USA) was employed to evaluate right and left ventral, intermediate and dorsal thoracic fields. Each field 
was divided into a cranial and a caudal subsection, as depicted in Fig. 5 of the Supplementary Content. Recorded 
lung ultrasound images were subsequently evaluated by one operator, blinded to the study interventions (time 
and position of the animal) and to randomization order, who computed LUS of both lungs using a four-grade 
scoring  system31: 0, normal lung ultrasound (multiple horizontal A-lines); 1, at least three separated B-lines; 2, 
coalescent B-lines; 3, consolidation. Per each time of assessment, we computed the total LUS pulmonary score, 
and right and left lung scores. Thus, LUS score per each hemithorax ranged from 0 to 18; the higher the score, 
the higher was the loss in pulmonary aeration of a single lung.
Respiratory and hemodynamic measurements. Airway pressure and respiratory flow rates were 
measured as previously  reported17. For a detailed description of methods please see the Supplementary Content 
(Pulmonary Mechanics). Arterial and venous pressures were measured with disposable pressure transducers 
(TrueWave Pressure Transducer, Edwards Lifescience, Irvine, CA). Pulmonary arterial pressure, central venous 
pressure, pulmonary arterial wedge pressure, core blood temperature, and cardiac output were measured using a 
Swan–Ganz catheter (Swan-Ganz PAC, Edwards Lifesciences, Irvine, CA). The systemic and pulmonary vascu-
lar resistances and venous admixture were calculated using standard  formulae32.
Statistical analysis. Continuous variables are described as mean ± standard deviation (SD), or median 
[IQR] in case of non-parametric parameters. In order to evaluate the effects of time and position on this animal 
7
Vol.:(0123456789)
Scientific Reports |        (2020) 10:19372  | https://doi.org/10.1038/s41598-020-76216-w
www.nature.com/scientificreports/
model, we used a restricted minimum likehood (REML) analysis for mixed models. A (co)variance structure 
Figure 5.  Flowchart. RM, recruitment manoeuvre; LUS, lung ultrasound score. Realized with Microsoft Word 
2010 (https ://www.micro soft.com/) and Adobe Photoshop CC 2019 (https ://adobe .com).
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was used to model the within-subjects errors and the Kenward-Roger approximations to estimate denominator 
degrees of freedom. For each continuous variable, the overall F test was assessed for significance. All post-hoc 
comparisons were adjusted through Bonferroni correction. A two-sided p value ≤ 0.05 was considered statisti-
cally significant. Pearson coefficients were used to compute correlation analyses. We finally conducted a sample 
size analysis, which is reported in the Supplementary Content. All statistical analyses were performed using SAS 
software (version 9.4; SAS Institute, Cary, NC).
Ethics approval. See “Methods” section.
Prior abstract presentation. An abstract from this study was presented at the 2018 European Society of 
Intensive Care Medicine (ESICM) congress in Paris, October 20th–24th.
Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
Received: 23 January 2020; Accepted: 24 September 2020
References
 1. Vincent, J., Rello, J., Masrshall, J., Silva, E. & Anzueto, A. International study of the prevalence and outcomes of infection in intensive 
care units. JAMA 302, 2323–2329 (2012).
 2. Cilloniz, C. et al. Acute respiratory distress syndrome in mechanically-ventilated patients with community-acquired pneumonia. 
Eur. Respir. J. 52, 1–11 (2018).
 3. Hedenstierna, G. Effects of body position on ventilation/perfusion matching. In Anaesthesia, Pain, Intensive Care and Emergency 
Medicine—A.P.I.C.E (ed. Gullo, A.) 3–15 (Springer, New York, 2004).
 4. Hedenstierna, G. et al. Ventilation and perfusion of each lung during differential ventilation with selective PEEP. Anesthesiology 
61, 369–376 (1984).
 5. Bhuyan, U., Peters, A. M., Gordon, I., Davies, H. & Helms, P. Effects of posture on the distribution of pulmonary ventilation and 
perfusion in children and adults. Thorax 44, 480–484 (1989).
 6. Tusman, G. et al. Postural lung recruitment assessed by lung ultrasound in mechanically ventilated children. Crit. Ultrasound J. 
9, 1–6 (2017).
 7. Klingstedt, C., Hedenstierna, G., Lundquist, H., Strandberg, A. & Tokics, L. The influence of body position and differential ventila-
tion on lung dimensions and atelectasis. Acta Anaesthesiol. Scand. 34, 315–322 (1990).
 8. Zack, M. B., Pontoppidan, H. & Kazemi, H. The Effect of Lateral Positions on Gas Exchange in Pulmonary Disease. Am. Rev. Respir. 
Dis. 110, 49–55 (1974).
 9. Gillespie, D. J. & Rehder, K. Body position and ventilation-perfusion relationships in unilateral pulmonary disease. Chest 91, 75–79 
(1987).
 10. Remolina, C., Kahn, A. U., Teodoro, S. V. & Edelman, N. Positional hypoxemia in unilateral lung disease. New Engl. J. Med. 304, 
523–525 (1981).
 11. Dhainaut, J., Bons, J., Bricard, C. & Monsallier, J. Improved oxygenation in patients with extensive unilateral pneumonia using the 
lateral decubitus position. Thorax 35, 792–793 (1980).
 12. Ibañez, J. et al. The effect of lateral positions on gas exchange in patients with unilateral lung disease during mechanical ventilation. 
Intensive Care Med. 7, 231–234 (1981).
 13. Dreyfuss, D. et al. A comparative study of the effects of almitrine bismesylate and lateral position during unilateral bacterial 
pneumonia with severe hypoxemia. Am. Rev. Respir. Dis. 146, 295–299 (1992).
 14. Rivara, D., Artucio, H., Arcos, J. & Hiriart, C. Positional hypoxemia during artificial ventilation. Crit. Care Med. 12, 436–438 
(1984).
 15. Thomas, P. & Paatz, J. Is there evidence to support the use of lateral positioning in intensive care? A systematic review. Anesth. 
Intensive Care 35, 239–255 (2007).
 16. Thomas, P. J., Paratz, J. D., Lipman, J. & Stanton, W. R. Lateral positioning of ventilated intensive care patients: A study of oxygena-
tion, respiratory mechanics, hemodynamics, and adverse events. Hear. Lung J. Crit. care 36, 277–286 (2007).
 17. Lichtenstein, D. A. & Meziere, G. A. Relevance of lung ultrasound in the diagnosis of acute respiratory failure * the blue protocol. 
Chest 134, 117–125 (2008).
 18. Bouhemad, B. et al. Bedside ultrasound assessment of positive end-expiratory pressure—induced lung recruitment. Am. J. Respir. 
Crit. Care Med. 183, 341–347 (2011).
 19. Bouhemad, B. et al. Ultrasound assessment of antibiotic-induced pulmonary reaeration in ventilator-associated pneumonia*. Crit. 
Care Med. 38, 84–92 (2010).
 20. Chiumello, D. et al. Assessment of lung aeration and recruitment by CT scan and ultrasound in acute respiratory distress syndrome 
patients*. Crit. Care Med. 46, 1761–1768 (2018).
 21. Katori, R., Amorim, D., Theye, R. A. & Wood, E. H. Influence of body position on regional pulmonary arterial-venous shunts in 
intact dogs. J. Appl. Physiol. 29, 288–296 (1970).
 22. Schortgen, F. et al. Infectious and inflammatory dissemination are affected by ventilation strategy in rats with unilateral pneumonia. 
Intensive Care Med. 30, 693–701 (2004).
 23. Guerin, C. & Gattinoni, L. Assessment of oxygenation response to prone position ventilation in ARDS by lung ultrasonography. 
Intensive Care Med. 42, 1601–1603 (2016).
 24. Guérin, C. et al. Prone positioning in severe acute respiratory distress syndrome. N. Engl. J. Med. 368, 2159–2168 (2013).
 25. Gattinoni, L., Taccone, P., Carlesso, E. & Marini, J. J. Concise clinical review: Prone position in acute respiratory distress syndrome. 
Rationale, indications, and limits. Am. J. Respir. Crit. Care Med. 188, 1286–1293 (2013).
 26. Hewitt, N., Bucknall, T. & Faraone, N. Lateral positioning for critically ill adult patients (review). Cochrane database Syst. Rev. 
https ://doi.org/10.1002/14651 858.CD007 205.pub2 (2016).
 27. George, E., Hoffmann, L., Boujoukos, A. & Zullo, T. Effect of positioning on oxygenation in single-lung transplant recipients. Am. 
J. Crit. Care 11, 66–75 (2002).
 28. Winslow, E. H., Clark, A. P., White, K. M. & Tyler, D. O. Effects of a lateral turn on mixed venous oxygen saturation and heart rate 
in critically ill adults. Hear. Lung J. Crit. care 19, 557–561 (1990).
9
Vol.:(0123456789)
Scientific Reports |        (2020) 10:19372  | https://doi.org/10.1038/s41598-020-76216-w
www.nature.com/scientificreports/
 29. National Research Council (US) Intitute for Laboratory Animal Research. Guide for the Care and Use of Laboratory Animals, 8th 
Edition. (The National Academy Press, 2011).
 30. Luna, C. M. et al. Experimental severe Pseudomonas aeruginosa pneumonia and antibiotic therapy in piglets receiving mechanical 
ventilation. Chest 132, 523–531 (2007).
 31. Bouhemad, B., Mongodi, S., Via, G. & Rouquette, I. Ultrasound for “lung monitoring” of ventilated patients. Anesthesiology 122, 
437–447 (2015).
 32. Li Bassi, G. et al. Effects of duty cycle and positive end-expiratory pressure on mucus clearance during mechanical ventilation. 
Crit. Care Med. 40, 895–902 (2012).
Acknowledgements
Assistance with the article: GLB is a recipient of a Postdoctoral grant from the Strategic Plan for Research and 
Innovation in Health (PERIS) 2017-2021. We acknowledge all other individuals in the Division of Animal 
Experimentation at Hospital Clinic of Barcelona for their valuable assistance with the study procedures.
Author contributions
A.M., E.B.V. and G.L.B. participated in protocol development, study design, study management, statistical analy-
sis, data interpretation; A.M. and E.B.V. wrote the first draft of the manuscript. D.B., H.Y., M.L.Y., J.B. and A.M.o 
participated in data collection, data interpretation, and critically reviewed the first draft of the manuscript. 
G.L.B., L.F.B., D.C. and P.P. participated in data interpretation, and revision and review of the manuscript. A.T. 
participated in protocol development, study design, study management, data interpretation, and revision and 
review of the manuscript.
Funding
This work was supported by ICREA Academia program (2013).
Competing interests 
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-76216 -w.
Correspondence and requests for materials should be addressed to A.T.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2020
